Abstract: Machines and systems that use shape memory alloys require the optimum design for combining functional properties and structural strength. In the reliability study of functional and structural design, the scatter as well as the behaviors of the functional and mechanical properties of the alloys during practical use should be considered. In this study, considering the application of Ti-41.7 Ni-8.5Cu (at%) to a reciprocating-type heat engine, the increase of the irrecoverable strain with increasing number of thermo-mechanical cycles was clarified experimentally and the irrecoverable strain was used as a parameter for predicting the behaviors of functional and structural properties. Thus, models of the behaviors of irrecoverable strain were made to estimate functional properties such as transformation points and recovery stress as a function of irrecoverable strain. To analyze the scatter of irrecoverable strain, the ratio of experimental data to the value estimated from the model was considered and found to show the Weibull distribution. The probabilistic expression estimated as an inverse function of cumulative probability P was proposed to predict probabilistically the recovery energy and the dispersion energy by using irrecoverable strain sir, as an estimation parameter. The proposed model for the behavior of the functional degradation and fatigue strength properties of Ti-41.7% Ni-8.5% Cu shape memory alloys under thermo-mechanical cyclic conditions can be used for the optimum design that combines the functional properties and structural strength of machines and systems such as a reciprocating-type heat engine that uses shape memory alloys.
INTRODUCTION
Ti-Ni-Cu alloy has been receiving much attention in various fields because of two unique characteristics such as shape memory effects and superelasticity. In areas such as engineering and medicine, its applications are being studied and practically used [1] [2] [3] . As an example of an application, a reciprocating-type heat engine that incorporates a Ti-Ni shape memory alloy wire has been proposed [4, 5] . This heat engine is a system that converts heat energy into mechanical energy by using the shape recovery function due to reverse transformation, and collects low-temperature heat energy that has not been used because of the low latent heat source, which is within the temperature range for martensite transformation and reverse transformation of the alloy.
As Ti-Ni alloy is superior in terms of cyclic behavior properties and corrosion resistance, which are required for realizing the structural reliability and the functional stability of the heat engine, it is often used in the development of this type of engine. The degradation of cyclic behavior properties, such as recovery stress, irrecoverable strain, recovery energy and dispersion energy has been investigated [6, 7] . Thus in relation to strain amplitude, plastic strain and recovery stress, the fatigue properties of Ti-Ni alloy are investigated by conducting thermo-mechanical cyclic tests. The fatigue life becomes shorter as the plastic strain and the recovery stress become larger. For the improvement of fatigue life, the effects of Cu content in Ti-Ni alloy and the cold working ratio (CW) on the thermo-mechanical fatigue properties are investigated.
In this study, to realize optimum reliability design by creating a good balance between functional properties and structural strength, the cyclic behaviors mentioned above were analyzed by making a model for their scatter. The expressions for the probabilistic estimation of the behaviors of fatigue life and functional degradation were proposed and their results were compared with experimental results.
EXPERIMENT

Specimen
Ti-41.7 Ni-8.5Cu (at%) alloy was used as the specimen for the thermo-mechanical cyclic tests. This alloy ingot was made using a high-frequency induction vacuum furnace. The ingot was hot forged and hot extruded, followed by cold drawing and intermediate annealing to make wires with a diameter of 1.0mm. Finally, the wires were finished by cold drawing with CW=30% reduction and were cut to pieces of 120mm in Probabilistic Estimation of Degradation in Ti-Ni-Cu SMA length. The wire specimens were annealed at THT=673K for 1 hr as a shape memory heat treatment. Pickling and electro-polishing removed the oxidized layer on their wire surface. The final wire specimens had about 0.8mm in diameter.
Experimental
Procedure As shown in Fig. 1 , the thermo-mechanical cycles in the present work consist of four stages, where loading, heating, unloading and cooling processes proceed one after another. In the loading process of the first stage, a wire specimen is elongated until the strain reaches a
given maximum strain and the final length is fixed. In the heating process of the second stage, the heating generates recovery stress due to reverse transformation because the wire specimen cannot make a shrinkage deformation.
In the following unloading and cooling processes, the available energy for driving an engine is obtained. The area surrounded by the stress-strain curves corresponds to the available energy per cycle. The data for cyclic behaviors and the fatigue life of shape memory alloys, which were obtained from a model and analyzed statistically, were obtained by repeating such thermo-mechanical cycles as mentioned above. The repetitions of the thermomechanical cycles in these tests were conducted for the wire specimen by using a thermo-mechanical cyclic machine until the specimen breaks under the combined conditions of four kinds of heating temperatures and a constant cooling temperature. (5) the case of P=0.632, the behavior of each cyclic property can be predicted as a median in the distribution of such
4. Probabilistic Estimation of the Degradation of Function and Strength
The ratio of the experimental data to the predicted value is very small in scatter, and so F-1(P) can be considered almost equal to 1. Therefore, the behaviors of where Nf is the value of Nf estimated from the irrecoverable strain for F"'(0.632). As a concrete example, m in Fig.9 can be used in the calculation of F"'(P) because it contains multiple errors and scatter in the case 3. 5. Application of Shape Memory Alloys to Heat Engine Figure 11 shows the flow chart for application of Ti-Ni-Cu shape memory alloys to a heat engine. The heat engine design gives the recovery force F and the stroke pared with the prediction based on Egs.
(1)a and (2)a in case of F0-1(P)=1 obeys a 2-parameter Weibull distribution.
